Abstract. The quest for the advanced functional material of superior functionality for advanced structure is being driven in various fronts of engineering materials. One of such front is metal matrix composite (MMC) which has already been proven as one of the most productive field in that respect. With the advance of technology, now it is possible to reinforce the MMCs with nano-sized particles compared to conventional micron-sized ones. However, the addition of nanoparticle in the MMC to improve its mechanical properties is not unconditional. To achieve positive gain by adding nanoparticles in the MMCs, all the influencing factors should be taken into consideration. The present paper reviews the failure mechanisms of nanoparticles reinforced MMCs in light of its strengthening mechanisms.
introduce strong instability in the system. The wettability of the nanoparticles by molten metal matrix is also different compared to micron-sized ones [17] [18] [19] . Though dislocation mean free path length and average distance between dislocations obstacles reduce with the increase of nanoparticle content, however, this effect became neutralized by particle coalescence and segregation [13] . It seems that, a random particle distribution exhibits the best combination of dislocation mean free path length and average obstacle distance.
Interface de-bonding. One of the most important issues in nanoparticle reinforced MMCs is the bonding between the matrix and the particle, as this interface is the weakest link in the whole structure. This is essential for an effective load transfer from matrix-to-particle and delaying the onset of particle-matrix de-bonding. Both of these have a profound effect on the strength and stiffness of the composite. As the nanoparticles are chemically reactive due to this enhanced surface energy, they are very prone to oxidation [20] [21] [22] . Once oxides, it is difficult to get enough wettability by the molten metal matrix and cause enhanced floating instead of immersion in the matrix. Two types of nanoparticles are being widely used in the MMCs: (1) metallic such as Cu, Ag, Ni etc. and (2) ceramic such as TiO 2 , Al 2 O 3 , SiC, TiB etc. Generally, pure metallic particles have a common feature that they bond to metal matrix well due to ease of diffusion [18, 23] . In the case of ceramic nanoparticle reinforced MMCs the bonding between particles and matrix is rather weak. Such inert reinforcements are lack of any metallurgical bond to the matrix. This can be overcome by careful processing parameters and avoiding oxidation of the nanoparticles.
Effect of nanoparticles on physical and mechanical properties of MMC
Microstructure. Nanoparticle addition in the MMCs is expected to offer grain refinement due to pinning effect in the grain boundaries. The grain refinement and strong multidirectional thermal stress at the particle-matrix interface are important factors which play a significant role in the high strength of the composites. For example, SiC particles have grain-refined strengthening effect, which is improved with increasing volume fraction since they act as the heterogeneous nucleation catalyst for aluminium [6] [7] [8] [9] [10] [11] [12] . However, there are reports which show the inability of nanoparticles to serve as either nucleation sites or obstacles to grain growth during solid state cooling and no significant change in grain size compared to the corresponding monolithic alloy [17, 24] .
Hardness. Nanoparticle reinforced MMC usually exhibit higher microhardness than that of the unreinforced matrix alloy. The increase in hardness can be ascribed as follows: (1) strengthening mechanisms arising from restricting or impeding the motion of dislocation, (2) presence and near-uniform distribution of second-phase particles achieved by optimum processing, and (3) a refinement in grain size.
Strength. The yield and ultimate strength of MMCs increase with the addition of nanoparticles as smaller particles tend to be stronger. This in turn diminishes the extent of particle fracture during composite deformation and increases the hardening rate in tension. For a given geometry of plastic flow, finer microstructures lead to greater strain gradients in the matrix during deformation due to differential matrix/reinforcement thermal contraction from processing temperatures.
Failure mechanisms
It is well-known that mechanical properties of the particle reinforced MMCs are strongly affected by local events such as voids nucleation at the reinforcement/matrix interface, fracture of the reinforcement, initiation and propagation of matrix shear slip bands and the linkage of these local damage and interfacial de-cohesion [9] . The efficiency of the stress transfer from the matrix to particles plays an important role in determining the mechanical performance. Various nano-scale deformation modes including slip bands, surface roughening, and cracking of nanoparticles are observed during tensile loading. The amount of slip bands and the average surface roughness were found to increase with increasing applied strain due to plastic deformation in the matrix through the Advanced Materials Research Vols. 774-776formation of matrix slip bands. The matrix slip bands create sharp discontinuities on the order of 5-15 nm at the surface of particle that may cause the stress concentration, cracking and distortion of the particles. The multiple fractures in the nanoparticles are synergistic effect of both the stress transfer mechanism and the stress concentration mechanism due to the presence of slip bands [9] [10] [11] . For nanoparticle reinforced MMCs, de-cohesion is the primary mode of damage mechanisms. Most of the structural material fails by a process known as micro-void coalescence. The micro-voids nucleates at region of localized strain discontinuity like second phase particles, inclusion and grain boundary dislocation piles up. As the strain in the material increases micro-voids grow, coalescence and form a continuous fracture surface. This is evident by a closer look of the facture surface with electron microscopy that matrix material in the void undergoes extensive plastic deformation by shear and is drawn out to form a sharp shear lip Void coalescence occurred by the progressive growth and impingement of micro-voids and the fracture surface shows dimples of different diameter. The largest dimple forms around the reinforced particle. The size of the dimples on a fracture surface depends on the number and distribution of micro-voids that are nucleated. When the nucleation sites are less (reinforcement vol. % is less) and widely spaced the micro-void grow to a larger size. Small dimples are formed when numerous nucleating sites are activated and the micro-voids join before they have an opportunity to grow to a larger size [17] . Fracture under uni-axial tensile load results in equiaxed dimples. Oval-shaped dimples are observed on the wall of large elongated dimples. Oval dimple is formed when a small surface void intersect the wall of a larger void. Regarding the trend in tensile failure strain, it has been shown that the nanoparticles provide sites where cleavage cracks are opened ahead of the advancing crack front. This cleavage crack opening dissipates the stress concentration that would otherwise exist at the crack front and alters the local effective stress state from plane strain to plane stress in the neighbourhood of the crack tip [17, 14] . The trend in tensile failure strain can also be attributed to the partial reactivity between nanoparticles and metal matrix. Regarding the trend in compressive failure strain, compressive shear buckling of nanoparticles aided in dispersing localized stored energy during compressive deformation. This allowed nanoparticle reinforced MMCs to globally absorb relatively large amounts of strain energy during compressive deformation [12] [13] . At clustered region, the amount of reinforcement volume fraction is larger which imposed a higher plastic constraint to the plastic deformation of the ductile matrix. Due to this large hydrostatic stress developed in clustered regions, which increases the maximum principal stress in the particle leading to the early damage of the composite by reinforcement particle cracking. The necessary condition for interface de-cohesion is that the local elastic strain energy released during de-cohesion should be sufficient to create the new free surface at the interface. The above condition holds good for particle of few length of nm or smaller [12, 18] . For most of the materials, room temperature damage is prevalent by reinforcement fracture but the damage mechanism changes to void nucleation by interface decohesion at a temperature around 200
• C and above. [16] . At high temperatures (300 • C) damage occurs by matrix voiding in the vicinity of reinforced particle and the interface de-cohesion. At high operating temperature reinforcement particle played a minor role in the failure process, as the plastic strain being accumulated by the extremely ductile matrix.
Future aspects
High volume and high rate fabrication of nanoparticles and better understanding of their fundamental behaviours make them viable as a large throughput MMC fabrication. Besides that, costs of nanoparticle reinforced MMCs are also coming down with technological advances. It is anticipated that as applications for nanoparticles and their composites increase the cost will be dramatically reduced. The know-how in the fabrication of traditional fibre composites have clearly demonstrated that the development of a science base for manufacturing is indispensable and more fundamental investigation on that is foreseen.
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Concluding remarks
This present paper has reviewed the possible failure mechanisms on nanoparticle reinforced metal matrix composite. The main challenge in nanoparticle reinforced MMCs is to retain the nano-size of the reinforced particles in the metal matrix after process with our any agglomeration. In general nanoparticle reinforced MMC offer (1) improvement in strength, (2) improvement of fracture toughness, (3) improvement of creep resistance, thermal shock resistance, and wear resistance, and (4) enhance dimensional stability at high temperatures. The main fracture mechanism of nanoparticle reinforced MMC under different loading condition is trans-granular fracture compared to inter-granular fracture of monolithic one. Particle-matrix debonding is the primary mode of material deformation at high temperature whereas particle cracking at low temperature.
